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Influence of lubricious oxides formation on the tribological behavior of Mo-V-Cu-N coatings deposited by HIPIMS
Introduction
With the increasing requirements of modern processing conditions, especially for the high-speed and dry machining, self-lubrication coatings have been put forward to reduce the friction and wear between the coated tools and the machining workpieces.
Recently, binary molybdenum nitride (MoN) coatings have attracted much attentions, which exhibit excellent wear resistance due to the unique combination of mechanical properties of Mo-nitride and the lubricating effects of Mo-oxides [1] [2] [3] [4] . The mechanical and tribological properties of Mo-N coatings can be improved by addition other elements [5] [6] [7] . For example, by incorporation of copper (Cu) atoms into Mo-N coatings, the average coefficient of friction (COF) could be further decreased from 0.4 to 0.2, which was attributed to the formation of lubricating CuMoO 4 oxide [7] . It was reported that the COF could be reduced by the double oxides from binary alloy system [8] . Due to the differences in ionic potential of MoO 3 and CuO [9] , the ternary oxides (e.g. CuMoO 4 ) could exhibit a lower COF than their binary oxides. However, the high-temperature tribological behavior of Mo-Cu-N coating system has been rarely investigated. It has been reported that the tribological effectiveness of Mo-N coatings was restricted to a maximum temperature of 500 °C due to the formation of volatile oxides MoO 3 [10] . To enhance the tribological properties at elevated temperatures, vanadium (V) has been incorporated into hard coatings, which offers the lubricating effects due to vanadium oxides (also referred as Magnéli phases)
formed at high temperatures above 500 °C [11] [12] [13] [14] . In addition, due to the lubricious oxide V 2 O 5 has a low melting point at around 680 °C, the COF can be further reduced at higher temperatures by the effect of liquid lubrication [15, 16] . It is well known that multicomponent alloying in coatings with different elements have combined the 5 advantage of each alloying element, which could significantly improve the comprehensive performance of the coatings.
Thus, it is inferred that the Mo-Cu-N coatings could be alloyed with V element to form quaternary Mo-Cu-V-N coatings. In our previous works [17, 18] , Mo-Cu-V-N coatings with V content less than 2.5 at.% exhibited a low COF of 0. 3 mechanical, oxidation and high-temperature tribological behavior were studied. The correlations between the lubricative oxides formed on coating surfaces with the variation of tribological behavior at different temperatures were also investigated.
Experimental
Coating deposition
Mo-V-Cu-N coatings were deposited on 316L stainless steel and cemented carbide substrates by HIPIMS using a rectangular Mo-V-Cu segmental target (99.9% Table 1 .
Coating characterization
The surface and cross-sectional morphology of the coatings were characterized using a scanning electron microscope (SEM, FEI Quanta650), and the chemical compositions were determined by the energy-dispersive X-ray spectroscopy (EDS) system. A grazing incidence X-ray diffraction (XRD, Empyrean) with Co K ɑ radiation was used to investigate the phase structure of as-deposited Mo-V-Cu-N coatings and to identify the oxide phases formed after high-temperature tribological tests. All the XRD measurements were carried out at 40 kV and 40 mA with a fixed incident angle 7 of 4°, and the scanning ranged from 20° to 85° with a step size of 0.02°. The residual stress of as-deposited coatings was measured by film stress tester (FST-1000, Supro
Instruments) according to substrate curvature method based on Stoney's equation [19] .
Hardness and elastic modulus of as-deposited coatings were carried out on cemented carbide substrates by nanoindentation tester (NHT 2 , CSM). The effective indentation depth was kept less than 10% of the coating thickness to minimize the substrate effect.
The adhesion strength of the coatings was measured by a scratch tester (RST, CSM)
at a load linearly increasing to 80 N. The tribological properties of both coatings were investigated by using a ball-on-disc tribometer (THT, CSM) with Al 2 O 3 ball (Ø 6 mm)
at room temperature (RT), 300 °C, 400 °C and 500 °C, respectively. The tests were carried out under a load of 2 N and a rotational speed of 400 r/min. During high-temperature tribological tests, the temperatures of the coated samples were controlled by a heating module and an indirect water cooling system, which were measured through the way of contact conduction by thermocouple (fixed and contact at the center of substrate backfaces during rotating-sliding test). Two-dimensional (2D)
cross-sectional profile of the wear tracks were examined by a laser scanning confocal microscope (OLS4100, Olympus), then the wear rates were calculated based on the worn volume.
Results and discussion
Microstructure and mechanical properties
To simplify the notations, both coatings were normalized to 50 at.% of nitrogen.
The nominal concentrations of Mo-V-Cu-N coatings were assigned as In addition, the VN phase with low diffraction intensity also could be found, and the calculated lattice parameters were in the range from 4.12 to 4.13 Å. While no diffraction peaks of Cu phase were observed in both coatings, indicating that the Cu atoms distributed interstitially within the nanocrystalline Mo-N phases or in an amorphous state [7, 21] . When comparing these two coatings, it was found that the peaks shifted toward higher diffraction angles for Mo 0.76 V 0.08 Cu 0.16 N coating with higher Cu content, indicating a relaxation of compressive residual stress [6] . In addition, peak broadening was also observed in the Mo 0.76 V 0.08 Cu 0.16 N coating, implying that lattice distortion or grain refining. As shown in Fig. 3 (a), many microparticles could be observed on Mo 0.71 V 0.24 Cu 0.05 N coating surface, which was typical growth defects formed during deposition. However, Mo-Cu-V-N composite coatings deposited by similar HIPIMS technique exhibited a smooth surface without any microparticles in our previous study [17] . It indicated that these microparticles were mainly produced during the deposition of CrN adhesion layer by arc ion plating. As for Mo 0.76 V 0.08 Cu 0.16 N coating surface (see Fig. 3(b) ), the density of microparticles significantly decreased, which was considered to be attributed to the increase of Cu content in the coating. Due to Cu atoms has much higher sputtering yield than that of Mo and V atoms during coating deposition [22] , the deposition rate and atomic mobility could be increased on the growing surface at higher Cu contents, which would lead to many underlayer microparticles were The mechanical properties of Mo-V-Cu-N coatings were listed in To further investigation of the high-temperature oxidation behavior, the coating surfaces outside wear tracks were analyzed by SEM after tribological tests at 300 °C, 12 400 °C and 500 °C, respectively. Fig. 6 shows the surface morphologies and EDS linescan profiles of Mo 0.71 V 0.24 Cu 0.05 N coating, it could be seen that some slightly oxidized microparticles appeared on the coating surface at 300 °C (see Fig. 6(a) ), which was considered to be affected by the higher oven temperature of ~370 °C. The magnified image of oxidized particle was presented in Fig. 6(b) , it was found that the oxidized particle with a diameter of ~4.1 μm was covered with a thin oxide layer, which was composed of Cu-Mo-O oxides detected by the EDS linescan in Fig. 6(c) .
At 400 °C, the coating surface suffered heavier oxidation, as shown in Fig. 6(d) . It could be seen that the oxidized particle was uniformly covered with a thick honeycomb-like structure (see Fig. 6 (e)), corresponding to the oxide phase of phases distributed at around the oxidized particle and formed a circular-like structure.
Such oxidation behavior indicated that the rapid outward diffusion of Mo and Cu elements, which preferentially spread outward at around growth defects (e.g. microparticles and pores). Similar results were also reported by Panjan et al. [14] that the outward diffusion of V took place through voids presented at the growth defects.
When the temperature increased up to 500 °C, the coating surface was almost completely oxidized and covered with circular-like oxides in a large diameter of ~40 μm (see Fig. 6 (g)-(h)). The particles in the center were mainly oxidized to form Cu-Mo-O oxides, which was identified by the EDS linescan in Fig. 6(i) . Moreover, some oxides with large crystal grains formed in the pore defects, as shown in Fig. 6(j) .
This phenomenon strongly indicated that the rapid outward diffusion of Mo and Cu elements occurred at high temperatures, which were preferential spread at around the 13 growth defects. Fig. 7(a)-(c) . As the temperature increased up to 400 °C, the coating surface was uniformly covered with many cluster oxides in Fig. Fig. 7 (f) revealed that the cluster oxides were mostly composed of Cu-Mo-O oxides. Based on the EDS analysis and XRD results, oxides formed inside the circular-like structure were mainly composed of Mo-O oxides. As the temperature further increased to 500 °C, the coating surface had been completely oxidized to form the oxides with larger crystal grains in Fig. 7 
7(d)-(e)). The EDS linescan profile in
(g)-(h). To
further identify the types of oxides, the oxides were peeled off from the coating surface by conductive adhesive. As shown in Fig. 8 , the EDS analysis revealed that these oxides were mainly corresponded to Cu-Mo-O phase, which was consistent with the EDS linescan results in Fig. 7(i) . As compared to Mo 0.71 V 0.24 Cu 0.05 N coating, the EDS analysis of coating surface (see Table 4 ) revealed that the Mo 0.76 V 0.08 Cu 0.16 N coating suffered harsher oxidation, which could be due to the coarse column microstructure and the increase of Mo and Cu contents in the coatings. It was inferred that the incorporation of V element into Mo-Cu-N coating system could improve the oxidation resistant at certain temperature ranges.
Tribological behavior
The effect of test temperature on the COF of the coatings was showed in Fig. 9 .
Both coatings exhibited a similar tribological behavior. It was found that the lowest reported that the larger fraction of CuMoO 4 lubricious oxides formed on the worn surface resulted in a lower COF [7] .
To investigate the wear mechanism of Mo-V-Cu-N coatings, the worn surfaces were analyzed in details after tribological tests at RT, 300 °C, 400 °C and 500 °C. As shown in Fig. 10(a) , it can be clearly seen that the wear track was relatively narrow with wear debris accumulated at both sides of the wear track on the Mo 0.71 V 0.24 Cu 0.05 N coating after tribological test at RT. Moreover, some furrows and scratches formed along the sliding direction inside the wear track in Fig. 10 (e), which indicated that mild abrasive wear occurred at RT. In addition, the EDS analysis of the worn surfaces (see Table 5 ) revealed that the worn surface was slightly oxidized, indicating that mild oxidation wear also occurred at RT, resulting in a low COF of ~0.3. Similar results have been identified by XPS analysis in our previous work [17] .
While for the Mo 0.76 V 0.08 Cu 0.16 N coating, it was observed that the worn surface was 15 much smoother without obvious wear debris observed on either side of the wear track (see Fig. 10(i) ). The magnified image of wear track exhibited a shallow worn surface with slight scratches (Fig. 10(m) and obvious cracks could be found in the magnified image (see Fig. 10(n) ). Such cracks were typically observed in the sliding contact conditions of hard materials that experienced large surface tractions, which resulted in a high COF [35] . The sharp increase in friction curves observed at the beginning sliding periods of ~500 cycles for both coatings at 300 °C (Fig. 9 ) could be due to the rough coating surfaces formed with some oxidized microparticles. However, after further sliding process, the microparticles were compacted or worn off, and the worn surfaces were gradually oxidized due to friction heating on the contact area. It was identified by the high O contents of ~44.7 at.% detected on worn surfaces for both coatings, which was almost twice higher than those of the coating surfaces outside the wear tracks, as listed in Table 4 and Table 5 . Thus, the formed oxidized debris were compacted and scratched by the counterpart (Al 2 O 3 ball) during cycle sliding process, leading to some cracks and adhesion debris formed on the worn surfaces (see Fig. 10(f, n) ). It was reported that the production of wear debris with large diameters interacted with both surfaces 16 by scratching or getting crushed in the contact area [36] . Such tribological behavior was typical for abrasive and adhesion wear, which led to a high COF and wear rate at 300 °C.
After tribological tests at 400 °C, smooth compacted debris formed on the wear track of Mo 0.71 V 0.24 Cu 0.05 N coating in Fig. 10(c, g ). While for Mo 0.76 V 0.08 Cu 0.16 N coating, ball-like particles appeared inside the wear debris in Fig. 10(k, o) , which could be due to the oxidized particles were compacted under cycle sliding load. In addition, the EDS analysis revealed that the worn surfaces of both coatings were almost completely oxidized, indicating that mainly oxidation wear occurred at 400 °C.
As compared to 300 °C, the COF decreased at 400 °C, which was attribute to the formed lubricious oxides of Mo-O and Cu-Mo-O, as discussed above. It was reported that the oxides of CuMoO 4 and MoO 3 were expected to soften between 200 °C and 550 °C, which led to the COF dropped in this temperature range [33] .
When the temperature further increased up to 500 °C, the worn surface of Mo 0.71 V 0.24 Cu 0.05 N coating was completely oxidized to form a porous tribofilm (see Fig. 10(d, h) ), which could be related to the severe oxidation of worn surface, especially for the pore defects, as observed in Fig. 6(j) . In addition, a small amount of Cr content on worn surface was detected by the EDS analysis (see Table 5 and the relaxation of residual stress. It was reported that the wear rate was correlated to the adhesion energy, which was directly related to the residual stress and ultimately, the initial copper content [6] . A relatively high wear rate of 10 -15 m 3 /N·m was achieved at 300 °C for both coatings, which would be due to the wear mechanism dominated by adhesion and abrasive wear. Due to the lubricious oxides of Mo-O and Cu-Mo-O were formed at 400 °C, the wear rates of both coatings decreased slightly.
As the temperature further increased to 500 °C, the highest wear rate of 10 -14 m 3 /N·m was achieved for both coatings, the rapid decrease in wear resistant was mainly due to the severe oxidation and the loss of mechanical strength of both coatings. Similar results were reported by Luo et al. that the accelerated oxidation of TiAlN/VN coatings at first led to the massive generation of oxide debris at 500 °C, and then to a fast deterioration of the coatings despite the lowest COF was achieved at 700 °C [12] . 
